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A. Use of Concrete n• a Shield 
~be process 1n'1olv1ng ah1eltU.ng bad not be$n eompl&tGlY 
understood tc;r many yr:.ars otter the completien or the tirst 
r actor. Most energy nd stUdy had boon applied tc the r ~ 
act.or eoro, and the si*'ple empirical methods ot ahleld de• 
!11gn could be ut1liz<Xt to give a workable and snfe shield, 
even though it might b$ fuccel#ively hoQV)" end expe.ns1v • t 
th pre$ent timt:i, v1th the real1edtion that nuclear pov~r 
v1ll havE\ tc compete with and eventuallf replace Qonventional 
power othods, tho problem of lo'lil coat Etnd low wei,tbt shield-
:111g h s become qu1t<it important. 
A natural choice for shielding mator1al exhibiting both 
qual1t1 s er lcw ooat atld low w~1tdit 1s conoret~, and, con ... 
a qut-1ntly, it has become the most widely used amtur1~l for 
roector &h1eld1ng. Its pepularity ha$ also be~n er.hanced by 
!ta satisfactory mech n1cal properties s well as its ideal 
radiation shielding attribute$. lt contains hydro~en nd 
ether light nuclei as w~ll as nuclei ot fairly high tom1c 
number. The ltr.ht elements tnederato tbe neu.trcn.s, fU'1d th4' 
b -aV1'1r lements absorb the gamma red1at1on. Recent develop-
ments have brought about tb.e utilization ct heavy concretes 
containi~t barytos and iron ere tor adui tienal gamma ray at ... 
tenuat1on. 
s. . t~on tt .nu tion 
ib atte ua ion r st n&utren iil a h1eld c b t -
, ribute t tbr o su a ive proc s e11 
1. Collision, ith··r 1n l a 10 er el tte , ~d involv ... 
in ignificant ehan of direction or ner y gr dati 
or bot ( ·la.tic t ·w rd seatt r1n ttenuat a very littl ). 
2. 10\/ing down by acy coll1s10ll$, mo tly ·lasti • 
3. D1f tusion or n · r th rm l en r y o b orpti n. 
collision w1th hyd:rogon usu lly has n rly the tr et 
01 absorption. ~ualit· tivelf th1a is t~u b·eau of the 
d grada ion n ea l"Q . h1eh a co .d&s th c 111 ion, o -
in w1tb n rapid incre ~6 r the hydro en cross ecti n 
as then utron ·n·rgy d ere set! , which is eh vn on. 1 ur l . 
a 11 tr ct1on or th 1nit1 l. co lis1ons w1th hydrogc. will 
iv r1so t n utrons h v1n v ry nearly th souro• ne ·"I 
nd mo t th 1r or1gina.l d1r~ct1 n. tbes n trona w11 
etr t ne rly « well 1 uncoll1ded n ut..rons . 
n tron may l c llt ..,1th h vy nu leua. ·b r 
yr 3Ult an approxi t•ly i otropic &mis ion of n~ut1 ns 
wi h n entizr 1 spectrum which d p nds en th nergy of the 
incid nt utron. For nerg1 s t le l m v, h • tter1 
will usually be elaat1c, while, s be on·:r y ris '• th 
sc tter1n boco ea pr dcminant.lf inela tte" 
At l en rni a vi h isotropic l sti sc tt ·ri ~ pr -
d natin~, neutron oll1s1on chan~•tt th dir ct1on ·f th 
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NEUTRON ENERGY (MEV) 
1gur 1. To l er s - o 1 ot h)'dro n 
Pric (12, 117) 
neutron ~rtect1v~ly $0 that 1t give$ a small eontribut1on at 
th outside ot a thick shield. 
At b1g~or erun•g1tJt, about cne-hal! tbe total orosa aec• 
t1on ot the heavy el•m~nts corresponds to small angle elastic 
denoot1oruJ, 
These detl~ettons are associated with tb• dit'tractGd 
neutron shadow cttu$t bf th.o opaqu~ nucleus. At low energios, 
1 to 2 Mev, th11 c~oes ~Gct1on uy be treatE>d aa iaot:ropte 
aa.1d therefore :included as an abaorpt!o.n, At bi~h~:r e:nert;1ii1s, 
the total shE£dow sctlttering 11 inclll.detl in small anfrular 
range and 1& inefr~ctive in rem<>vi.ng neutr~:m.s. 
In a tb~mr~l 1\laetor, slow neutrons ar~ much mere r1umflr-
oua than the ta»t eompon(dnte (Energy g!:'ea.ter than ,.5 M"), 
are tlOr-e rapidly• att~nua.tecl, anll th~ir etrf;ct is t~lt only 
in that po:rticn or tbc sb1~ld 1n p:ronmity to the .sou:roe. 
'l:be1 h ve, th~retor•, littl~ to ao with tha eal<!ulat1ons on 
required shield thiokne1.,, though thQY do play an important 
1;riu:t in cQmputii1g b$at fi?ft"Et~ts on tho inner po.:rt o! the rn-
actoX" shield. 
ine proeessef# by which tast ninitrona aria attonuated :l.l"t 
th1ck sb1olds are quite complex. 'Tho exa~t calculations of 
th variatton or fa.at n~utron 1•1uit with 4biold th1ck.ruu1a and. 
tb determination or tbe tltlX of n~utrons of lcw~r energy 
re1ult1ng from .fast ntJotron eolli~doiu• are di.t'ficu1t mathe• 
ma t.1enllf. 
A s&mi•(~:mp1:-1cttl method wh1ch1 un.th.~t tb(l' p;rop~r eond1-
tiona • gives excellent re•Ults in pred1<1t1ng n~utrcn attenua-
tion waa evolv~ by Albert and Welton: (1). their reDlQval 
crc:Jo $eot1ott tb~ory takes into alccount the r~:aoval or raet 
n(.\u:trons due to reaet1one 1 capture, 1ntiilasttc seatt;,$:rin:t and 
elaat1c $C&tter1ng nt<t 1n th#$ shadow. 'fbe col'ld1 t1c:m.s under 
\lhieh thts cr-oss s~ot1cn may be ta.rt~ are the tollo-w1:p·; rtr,t, 
tbe neutron. souroe m.u't b.avo a t1as1on .sp~etrum, as ebown on 
Fi ure 2, -which has an ave:rar;$ etiei-;u" ct about 2 Mev. Second-
ly, the material must be fbllow~d by a largtt th.1ck..."1esn or 
hfdrcge:ncu• matet>lal or mtist be: inti:3atel.1' td.%ed vith such 
matG!'1al. Gliuu~tcno (6• P• 61 ?) statti.s tbat, the \fei ~ht ct 
a shield must be at leaat 10 pnr eent water in order te prc-
•1de the m1nimu.'TI. prc1>0rticn of h)"dt'oi~n tor appl1eat1cn ot 
the theory. tt has ~·en shct1n thrat t.bo tiss1on specti·um 
falls orr ra1,1dly at high enot-t;i1es, while, hydro"en 1& an 1n ... 
creasingly ef'rie1ent att~nu11tor ot neut:ons as the energy 1& 
d~erea.s(td. Tbeae two phellO!lena work to roatr1ct to a nGrrow 
~nergy barA those to\Jree n~utrons respona1 bl~ fer tho do~e 
at lar3e tU.iitances 1n a bydi-og•noua medium, Zbe band lies 
in n ener11 r~g1cn usuall y 6 to 10 Mf\v1 deipendtng on th 
matet'1al 1 wb r" n@utron ecllitd.oM w1 th mn:oy sub1tances ti th<'rr 
hav~ no e1gn1f1cant err~ct en the neutron or act a abe•f.P• 
t1orus. In theie oi2•0U14$tan.eea1 tho attbat~nees act It$ simple' · 
absorbttrs iw1 tb llPP•U'$11t absorption or removal cl"oss aeottou 
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NEUTRON ENERGY {MEV} 
1gure 2. Fission neutron energy distribution 
ra (11, p .. 57) 
which r independ nt or the thiekne s of tho media. 
~h r oval cros a ction ia d t~r in by putt1n 
slab or the atttir1 l, fo~ which th c oa ction ts t b& 
teund, or ~ cm thic.Kn a in a t nk con•istiog or ~ e or 
t~r. t c(z) i th . dos r t · Ob$ rv frcm a ,1 r1 
ource through the ;; t er only, tb9n t.o do rat' :O(~.x) 
fro~ th gm •ourc• ror the sh! ld eonsist1ng or wat .l" and 
l W1ll b 
wh r !. r cm·l is th r:roet1v maet"osccp1c r J'}loval eross 
s tion o!' th tiat ri 1 wh1e:b 1 related to th ff$ctiv 
1erosccpie remov l ere a toeti~n, cs- r• in th usual mann r. 
h t t neutr n renwval attenuntton l ngtht .A. r• e 
reoipro l or th c~oacop1e a t n utron removal cro 
e tion, is the dist Dec tot ~r ld r d ct1on in the t at 
ne tron flwr. 
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II. R"'VIEW OF LITERATURE 
Rockw 11 (13} discusses th, proport1e ot various con~ 
erete ab1~ld1ng blocks and brick com ,osed of different heavy 
aggregatefi. H stat&s that tho main purpose of cemer1t& ia 
to provide hydrogon, bOnd!ng strength, and, 1r possibl~, a 
reasonably hi h density. 
GaJ 1 h r and Ki tze ( 5) reported on the experimental 
pro rams which wer · crdueted at the Cak R1d1l' N-tional 
Laboratory on Portland cement conoret~s tested tor suitability 
fer reactoT sh1eld1ng. They listed th(:} follov1ng desired 
pror·erties Lecftssary for .ffecti've sh:lelds: 
1) High dens1ty to minimize thiekness 
2} Hi h hydroger• eontent to therma11z:a int rrnGdinte 
n utrcns 
3) High content cf heavy elements ro:r de!!!:r dation or 
fast neutrons as w~11 as gatmna r ys 
4) ow cost of in~redients 
5) E tie of m1x1nc rid lad.n the co .cret • 
In dd1t1on, truetural strength, stability under r diation 
nd st bility u.nder hot .1st or dry eor.ditions were lso 
consider d. The rticl lso discnsse . th hand11n and 
•our1n techniquen to b used w!, th heavy a gre ate e<meret 
as well as concretes 11th high vat r content. 
Price and Horton (12 1 P• 284) state that the total cross 
s ct1on per unit wei ht :for fa't nmutrcns is ccmsid .rably 
greater for light element$ than for he vy elements; and it 
f'ollowe that the most ef!'ieient fant nautron shields (on 
w~ight basis) aro those containing larg amcunts or hydrogen. 
The most obvious choice then , ror an. effeots:ve fast n~utron 
attenuator, is water , and • even thoueh many materials eorltatn 
more hydrogen per Ul'!it volum(), their us is ov rned by con-
siderations eueh as flammability , 11~b111ty to radiation 
damag , er..d chemical nd thermal st~bility. 
An experiment to d termine th effect ot water in 
structttl'al. concrete on the attenuation or intermediate energy 
neutrons (apithercial to l Mev) w $ conducted by Blizzar and 
Miller (3) . It was round tbet a 7 ~er eent water content 
is dequate to insure that intermediate energy neutrons be 
qUicklY slowed down to thermal energy where they are r~d1ly 
captured. Tho attt:·nuation of the neutrons in the water 
moder ted concrote shield was found to tollo~ an xponenti a1 
function with the rant :neutron macroscopic removal cross 
seet1on tor the attenuation co-ef f icient . A greater water 
content improved th ovor-all neutron attenuation aoeordi.ng 
to the 7emoval cross section theory. 
On or the oldest existing shields is the concret11 
shield around the Oak Ridge National Laboratory Graphite a -
actor-. Thts ~bield consists or a five toot thickness or 
bituminous painted concrete ocnsist1ng of 16 . 3~ Portland 
cement, 2?. 3% hayd1te, 46. 4$ barytes, and 10:& water t sand-
10 
wiehed b3tveen two 1-toot thicl"Jtesses or ordinary Portland 
concrete. An 1n.vest11;aticn of thtt phyn!~al properties of the 
shield was perrorme~ betwe~n February and July 1956, after 
the sh1eld had been in. pla<:e 12 years, a r.d the result.s were 
reported by Blosser arsd associs.tcs (l+) . The invest! 'at1on 
showed that tho ~h~mical pl"opert.ies and de..'lsity or thl'lt sbiela 
had not cbang~d a1>prec:iably since ~ s1mi ar investigation 
made !n 1948 vhr.in th water ccmtent WL\s still n~arly Nve 
t1mes ncrcal rA no radiation damaga was d.etoctablo. Th~ 
eompre ... aive stl"enf:th was lowor• howov.Pl", t-ea-ehing a maximum 
chans~ of about 4~ ne r th!l reflector shield 1nterf$C$. 
A report issuod by the Rousing am~ Hom F'1nanen agtmey 
(14) indicates thnt hay~ite is on~ or the best or the 11ght-
wotght aggregat·.s, and that hayd1t0 concrete may be u.aEd in 
place or ·typical Portland e~raeut coriol"f'Jte without discounting 
the design in ny degree tor strength• workability, and 
du1•ab111ty. Furth&rmorc;, it provides a saving in dead wti1,ht 
of about 3oi. 
ll 
1%1. ItiV · 'l!lG X 10 
the us• ot haydite {a 11 ht po:t•ou•• e lcincd shale 
eapsbl of absorbin. large quantit1•• or wat ~) as an -
~r at w studied to detertnin th err et ot tbe hoJd1te 
an tt sorb·d lfat«er c the t st nd the l neutx-cn attenua-
tion pr port1fis or mortars and conereteifh 
\', ·t r 1.s a · o neutron or tor 1 and 1 t baa b en shewn 
t t th lar amount t wat~r bsorbed by th haydit . f 
o retained ovtr a 1 ng per1o4 ot time 1f the cone~ te is 
roperly o ted. 
w s shown previe sly, in wa er th r 1a a atron 
variat1cn in total cross e etion with neutron energy; ow-
ev r, th total ero s aeetioni tor Portland concrete docs not 
vo:r:y ao mar. · dly tcr low nd 11 h t:ner 1 ,st cte 1gure 3. 
th· study of th n~utren ah1eld1n~ ·ff ctiveness or 
hayd1 t ortar nd concrete consisted ot tllo ru1n parts. The 
first van the detti:t- nation or th et"ft'et cf cbang1n th , 
m unt o llayd1te 1n the concr t nd inortn:r on the sh1 ld-
inu (, fff?ct1ven :ut. Tb second p.Qrt v s th d tcrmm~tion ot 
th neutx-on sh1eldi oftectiv·neaa ot a concrete c nt. 1n1ng 
la e er nt g ot hayd1t tunet1on or th am unt or 
water abso:rbed. 
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NEUTRON ENERGY (MEV) 
igure 3. .tron cross .secti ·or Poi~tland 
ller (3 1 P• 20 
f\:) 
13 
A. llad!at1on So\l?'ce 
plutonillm•beryll1wa source contnining 16 gm. ot plu-
toniu of approximtel)' l-curie strength provided the neutrona 
us d in th.la otudy. Xhe plutoniwa arJd ber1111ua were mixed 
to etb ·r and acaled 1n a tantalum and stuinlest steel right 
circulsr cylinder or i.3, in. hei·ht and l.02 in. diameter. 
ihtt av raf,te number ot ne:;utrcna 3iven otf by this source 1• 
1. 5 x io6 each SflCOndt and the entrgy d1str1but1on ot the 
noutron4 1 shown on. Figure 4. 
The source waa placed en top o.r a ·wooden block which waa 
inside a tisht fitting teflcn eyli:ndrical eontain•u·. he 
t.etlon cylinder !':it ti btly wtthin thff steel pipe hcm11ng 
o:r tb or1g1r.al .shipping eentainer which w~t encased in 
para tin on all sides but tbe top two inchea. ln this manner 
a v rtioal eolliaated source or neutrons wat obtained, see 
1 ur 5. 
'he ah1eld1n )I materials used. wer 2 by 2 by 1t inch 
mortar blocks. the composition r;;f the blocks Wl:\8 v :ried by 
changing the weight of aggregate and 1Ulnd in each :d.xture and 
keeping the tot 1 we1ght or all the components constant. '?he 
r bric tion and composit1on or thu blocks ts di•cuaaed in the 
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NEUTRON ENERGY (MEV) 
rgy istr1but1 o! n utrons 
plutonium-beryllium ource 
r the curv b n n r 
y) 
(12 t P• 151) 
li ure ;. ource housing and det•etor 
• ~ tlon cylinder 
B. Paraffin •urroundnd st€el pipe 
c. lW 3 neutron count1ng tube 
• Sto•l sh1pp1ng container sbroUded bf c <ltd.um 
16 
17 
section on procedures. A ctH~"'~ical analysis or the eom onents 
was not obtained .. How ·ve:r• table 1 1ndicatoa tl ~ norm 
o potii1 ion of ortl ... d emcnt and t .. s um eo p it cm 
ot' the haydi te g .,r€leate used ~.n h 0 k Ridge g;rap 1 tei r .... 
actor hield. 
!able 2 shows thi:t a~gre at and sr.tnd particle d1str1bu ... 
t1on a determined by si ve nnlysis . 
~able 1. Chemical composition o. cement and a~gTegatc tn 
per o~nt we1£ht 
------------s._1_0,.;;:o;2 __ ~2o3 .. , A~g.~3. --~~ .. ~ ~ ·.~ 
Portland o m nt ty . I 4 8 63 2 
610 ~
60 
~1~0.3 
16 
CaO Al Ca 81 
a v~ra;e v luea fro Hnn erford (9t P• 723). 
ba101s~r nd s oc1atea (4, P• 7). 
c. Det ctcr nd A.pp r tu 
fh detsc-.cr us(~ lia a standard N. c. Wood F3 neutron 
proportional count·r, catalog 1u.mb~r G1174~ Th~ active eount• 
ing volum l in. in dia_.ter nd 6 1n. in length. The 
3 ·as was enrich to 965' · ron 10 and was undor pr~ssur 
t 40 cm. R • A B10 3 cou."lter bas a very b1P.h n•utron d@• 
t ction ff1c1ency .. '?he tct&J cros$ s"ct1on, 6 t, 1s 60 
fl le 2. 
99 9 
1 
75 
llfdJll•· 
aand. S1e • analys '• u. ::1. atandi.u·d aiev s 
9 0 
~ 
rns t neutron ener 1et ot .02:) v. '?he ions which r . 
cunt d ·. o rem the pha part1 l~a prOduced by the tel~ 
lovin re ctiona 
be proport1 nal countin tube wa onneetcd d1r ctly t th 
input a~pl1ty1n c11·cu1t ot a liucle r - Chieago Corporation 
l 86 d cad 4C 1 r. lhe seal r coutatns ens1t111ity 
ontrol sw1teb wb1ch ~ uires tbc input puls to b lar r 
tha tho v luo s lected by this control in order to pro.u 
one count. ~he oper v1n& charact ristic• f th~ neutrcn 
c unting 1r u1t re 1ndi ated b.,, .. th curves ot 1 .. ur • 
pr ti .. g volt or 2100 volta nd a sens1t1v1ty or l v 
wc~e sel ct d tro~ the plCt$ to gtve operation in th plat au 
· rt1on or th c\U"v • 1'b a etti. s wer s vith tb 
ounter th ou hout the tudy. 
dote tor shield older WA$ us .d to po::r1tion th B 3 
tu over th c nt~l' o th vert1c l coll1 ted beam t ho 
m 'o 1t1on tor each oonfi~urntion of the ahi ld1ng blocks. 
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OPERAT I NG VOLTAGE (VOLTS) 
1 r 6. Op r ti g cur s for 1C?3 1 ed n utr n coun r 
20 
It was also used to shield the tub trom neutrons. th t hnd 
been seattered ,round the ehlel.d. 7b€l shielding of the d ... 
tcctor from scatter d n~utron$ wa"' &ccompl1abed because the 
holdQr wa tilled w1th parattin , a~..d cadmium was placed t.rcnnd 
the 13 tube> so that only n~utrot Si 0tttor:1.ng the detector 
tJbield directly from tht't source through the ah1eld1n blocks 
would be cc:u:mto<t, see Fi3ur• 7. One tbe tub& '115$ properly 
po itioned in tho det otor sh1~ld, it was s eled in with 
parattin ard was not r moved until the stud1 was eompl ted. 
A photog:r1.tph dep1cting the ger,<Jral ex-per1na.~ntal layout 
1 shown in Fisur a. Tb:e di.!wnstons cf tho apparatus and 
the arrar~ge:ne.nts used in the study are 11 ven 1 Figure 9. 
~h shielding bloeka weru mounted on the source container 
barr l lid . ThfJ lid was fixed with small balsa vo d str1.pa 
ao that. the S:h1elding bloek! ec.uld be pos1t1ot!ed d1r'1otly 
over the acu~ee in the same position at ~e.ry ohenge. 
'.the detfH::to:· hold r shield wa1 positioned SJO that a 
o.88 tn. gap exitited betwoen the top ot the block and the 
bottom or the holder. !hi& gap allowed cadmium strip to 
be inserted betwei~n .. th. block nd tho detector as well as 
r eilit tint: the r ::noval ot one bloek and allo'¥11ng it to be 
retplaeed by ariothor w1tho\.1t removlng the d teeter holder . 
2 -
20-GAUGE 
SHEET IRON 
CONTAINER 
1 ur 7 C s - ot1on ot n tron d t ~ r 1eld 
Ftguro 8. Experimental layout 
a. Ootectcr abield holdc;:r 
B. Sb1illding blcck!J mounted en ltd 
c. Caclm1uo shrouded conta~ncr barrel 
D. Scaler timer 
.s. Dcaeade scaler -
P. Pal'attin 11ued box 
23 
DETECTOR 
tn, 
DETECTOR 
SH(£LD 
....__ _ _____...--"-"-_,_ __ ____. ~U I\: 21 
ARRANGEMENT 
igure 9 exp er 
T 
5.28 IN 
12.62 IN. MORTAR 
BLOCK 
,L 1.,·m 
1_:.97IN. 
l 
ARRANGEMENT 2 ARRANGEMENT 3 
ntal arrangements tor ·neutron counting 
r 
3.81 IN. 
M 
~be author was also able to chanGe blocks .from a m.ol"e pro-
tected pcsi ti on \Ji th th WJe of i'orcep$ • 
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AD not ed before , tbe composition ot tho ahielding blocks 
-was varia<l for this 1nvest1g·t1on. Su differ rit 1?11xtures 
Wf:.lr test .d 1.11 all. 7be ecmpos1t1on or the six mixtures 19 
shewn 1n Tabl 3 t.lnd lab led thr<:>ugb l . In mix.tur•a 
through F coarse aggregate was usfd . It was passed through 
a 3/8 1n. ser•en but eculd net p&$S thront:h a No. 4 ecr en. 
ln xtures ~, H1 and 1, a tin aggr gate was used. It could 
pass through a 10. 4 screen but not throurh a lio . 8 scr en. 
In 11 tb~ mixtures an ttempt was made to keep the percent-
.a& by weight cf Ct;ut~mt and wat~r eonstant, ru11 to v·1ry th 
amount ct aand and aggregat• but to ktutp tnG total wei.1,,..ht 
percentage t a eon1tnri.ct. An attemr1t was ~'ld to 1r~cr aa 
ther coarse e:ggregate content or th0 blocks even more. liQv-
ever, the reeult1ng blo ka were so honeycc$bed as to r nder 
th useless tor testing. ?bo 31+ . 30~ f'1ne agg:re ate mixture 
w s ttl10 harsh and resulted in poor bl.oek.$ that could not be 
uae4. The concrete blocks were eble to be used with a higher 
a gre~ate content than thG mortar blocks a1nc'1 b ttar wor· -
ab1l.1ty can be cchieved tcr n given aroount of w&t<;;·r with ft 
coars .r aggr t;!'fte (10, P• 5'2) .. 
':Che proettdu:res used for mxini and castin~ tho blceka 
wer the same for all mix.turea . The cement and approximately 
on fourth o! the aand er.ld ag~r~~ate ver thoroughly mixed. 
Xho sand &rui aggre1 te were beth 1n a sa.turated stU"tace dried 
Composition 
(per cent. by weii,i;ht) 
l.5 .. 60 lJ. 60 15t~z Ce:aent 15.60 15'. 60 15- ~$ 15.60 15. tiO i;.60 
ilat er 9 .. 54 9. 60 9. ~.\; 9. 60 9. 60 ·9. 60 9 .. 60 9 .. ·· ·~ 9.,60 
Sand itO. ?O 45.20 $0.64 ;7.64 67. 00 fl+ ~ So 4.; . 20 ;o. 64 ,..7. '"L: , . o . 
DaydittJ 3lt.36 29.60 24. ;7 1/. 16 7 .. 80 0 29. 60 2tr. S7 17-16 
Average dEL'"'lSi t:r 
(g.tc=3l 
St andard blocks 
1tb day 2.16 2. 17 2. 12 2. 20 2.ll 2. 19 2. 03 2.0; 2. ia f\) 28t h day 2.17 a.17 2 .. 11 2. 19 2. 1 2. 18 2. 03 2.07 2. 11 ~ 
.Aver.age density 
(gm/cm3) 
A1.1" dr1Ed blocks 
7th d&J i:gz i .a; , Bt"' 1·92 i . 93 1. 94 l . 85 1. 88 l . 91* .... . . ;; 28t h day l . 82 1.82 1·91 1. 89 i . 93 J. ?e 1 . 81 l . 86 
~~- .. I 'ilr1 ·-q · n;· 'lliMFll(lll'Mi- - ..... .,, t1><911 . !l!LJ· • t_.ot P ii- ql!PM _- ft!'J~~~ dli' 1111111$1 . al.Ji - · --J J iUi@ 
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cond1t1~n. W ter vas 
with a hapd t ,Gl. 
dd6d , nd tbe mixtur was ·ain mix d 
h ro~11nder o the ea~d arA ~&reg t 
as dded i.- sm.al ... uecunt and mixed. After 11 or the sandt 
w t l•, and d;re ·at& ver ed.d<~ to tbfl c~mcm.t, the m1xin 
ccntinu d tor aevu.ral 1nutoa to insure unifor:n cenaisttzncy. 
~h hin d t~ l mold u in c~stitl€ the blooka ccn· 
taintld tw nt1-rcu1· 2 by 2 by l+ inch comp· i-tments. '.? n blccke 
w r cast fol: i:)ttu:· , nd tour blooks: tor aeh c;! the other 
rd .... turea. ~h ecmpattuif.intt were :fill d abcut one third t 11. 
r d«i 25 times, and fill d and roddGd aga1n two mer(') tU'l()s 
tc !111 th ~ ld. n dditional portiQD ot th~ mix wo~ spr d 
ov tho top and wor d down with the troveli th oxce$a was 
r ved l.<; v1ni; the ?ldx l v l with th top er th mold. 1'he 
ld was ecve ed '1ii th mc1staned burl tJ tr'I.~ allO\&iod to starA 
24 hou.a. Up n removal tf'om the mold, half or th bl ck 
fro ach 
v r ster 
and ai+~ 
xtu~ w~re •tor~d 1n w tart and the ether half 
1 the tr. ?be temper tu:rt? variM betwten 82 
d tb rtilat1v humidity v r1ed b tw en 20 and 2 
p r oent dur1n & tho p r1od the blocks 11ere drytr..g. the water 
ctu•ed blocks v1ll b call~d standard blocks while thcs~ 
etcred 1n th il" will be rererr~d to as air dried bloe t:h 
Pi ur 10 i• · photcf~raph showing th · .sux-fac eond1 t1on 
or som cf th test blocka. 
A r.lple ot th r t· a 
21, bour w t r b orpt1on 
F1gur 10. Photograph showing surface eond1t1cn or some 
ot th . te$t blocks 
30 
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t st w & th n p~rform<£'1, and ·the x· st;lts showed that th 
yc.U. t · a ot"btid '5.2 p r c nt , b w il&ht, er th w r . 
'l'hf'Jt bulk spoe1:f'1~ trav1ty or the aggregate was ru'ilxt 
det~rmined. 1 usinr; stand rd test m thods. (2, p-. 1233)1 o a 
5 .. a ..,n l in the saturated surt cc dry eo dition. v lue 
ot 1. 69 waa eO!llputed. 
Tbl'e• cxp~:rimont l ar:rang zn nts wero u ed. to det-r 1ne 
th r lativ !n.t ns1ty or fa t- nd slo neutr ns~ ·h r ... 
r ng ment · re dGp1ct in Fi{.';ure S. '1nee th Bl' 3 tub 1 
capable of coiu1ting neutrons of all enargies to sca1e ext ·nt, 
a eadmum sh "•et W$S pl.a "'d en top er th: bloc , , . ·s s.hovn in 
rrang ment 2 , to ab or t e lo n-u·trona (defined as 
n utrons or ·nergy l than 0. 02; OV') . ~h slew neutrons 
w t' r d1ly absorbed by the o . 037 ... 1r:.. or cadm.t:um sine cad· 
um xh1b1ts a high nsutren abso.rptio,n t>e:so i1ce in th lcw 
en rgy reg1on. It was caloulat~ tb ... t tho cadmium will 
oaptur~ CVfJr 99 ' of the incident lcw nrJutrons . Sine the 
r · d1.nga in rr ngera .nt l s• du t t count r cord d by 
he BF 3 tube for neutr n or all energi · s, ar .. tl the ' di s 
of arrangom~ t 2 .nre du to the neutron$ of energies . bove 
thermal, the d1tt ronr.e 1n tho two is the slew neutron count . 
A layc of par tt1n was 1ns rted b tween the cad 1 nd 
th d t ctor in ar"" n~e .mt 3 to detr:rmin'i the fast neutron 
c unt. Tb i rratrin, which cont·. ins a l~r proportio ot 
hyd ... o en, lowed dov p rt et the ti\Gt n utr ns oo t •t .b y 
32 
could b(;c counted by the iF3 dflteetor whi<3h 1a relativ•lY in· 
t)f1°1o1ent in detee'ting neutt"ons cf higb e.n~rg1.~a. '.th• paraf ... 
tin also prevented thoso neutrons refliirctfJid arid scattered 
!rem outside the shteld tnto the d&t(lctor trom completely 
mask1ns tb.(ll rel t1'11e rnst n.6utron ecunt. tJ:he h11her count ... 
ing rate also gave bettor ccuntlnt $tat11t1cs. Since the 
fast n<Jutron counts were taken under a di:tf •rent 1eomet1:y 
than that used to determine tbfi slow neut~on count• a cor-
rection had to be made to the fa$t co~ta 10 th~t they eoUld 
'bf.i oc:npared to the sl0\1 counts. 1:htJ fast nf)utron counts 
recorded wert1t corrected by the ratio or the ~quares ct the 
dietances bGtwenn th~ sourc• 411d the dotector. th1s ratio 
was ecmputed to be 1.1!),. 
1:eutron cot.Ults in a.ll tbre~ ~U."ta.nget1J.ents were taken tor 
all or tho blocks en beth the ?th and 28th day atter they 
ve•• east. Each ot the i·1ve a1.r dried blocks of !lixture A 
wtts soaked a d1ttore>nt l~qth or t1me, trom t1ve l!l1r.utes to 
24 houra 1 botore th!!) seven d~y te•tt so that tbo counts could 
b$ rtu•.torded as & t'unc:t1on ot tbe abscrb~d water. For tha 28 
day tQStt howev~r, in Ord$r to ~et a bettor correlation• 1t 
was dec1dea tc aoak all ot the five bl~ka frotn on~ minut\il 
to 2tr hours and to t(!move the blocks et diti·erent t1me .in-
crement$, det<u.·tdne the neuti-on. counts, and X"citurn th~ti ror 
further soaking., 
Tb& W«!ght or thG absorbed ¥1atQr 1n tbe $ta.ndard a.nd 
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w t r soak air dr1ad blocks of ~1xture w det~ril'liced by 
recording th weight of nch block prior to the counts b ing 
t$ken aoo subtr ct1ng from this w~1 .:ht a new weight tak 
art r the block was allowed to drr to~ two ve~k p~Tiod 
ollcw1ng th t sta. 
the volume or all th blocka vas onaid red to b 
eonst nt. After determining tbe votgbt , the 4ena1ty o! ach 
xture to both the at ndard 11'! air dri d ccm.d:1 tion was 
co:inptited 1n g~cm3 . 
During the t&st1ng t the det~otcl"' vas .re ..... oved trom the 
roa near th(' acu.rce nd baek~rouoo count was taken. All 
counting d t er co r cted tor the baekgrou:tld . 
~inc the ~.aximum eount1ng rat obtained in th testin 
waa 4750 counts por trd.nut , no co:rrectien WG$ d tmed n c s-
ry tot' ccunt·r dead time. 
inea the $tandard blocks ver prone to los~ th<tir sb-
sorbed wat~r by evaporation it kept in the air for an1 l n th 
or · 1me, the ccuntine ti 
rr em nt c k ap th 
yield geed tat1,t1ce. 
w s " pt t tive tdnute.s tor eacb 
vapgrntion at a mini .um and. to till 
he stand rd blocks nd tbe blocks 
used 1:n the wattlr absorption te1lt.s w .re all urtace blc;tt 
b tor botr. counted: . 
~b compressive strength of th blocks ~as dtt~r · nad 
80 d-ya rt r eaating . .. o bloek$ from e4ch m1xt•r wer 
l ed in co. preas1on long tho tcur inch l•~nath the 
blocks. 1l'h• average eotipress1v~ atrengths Qf tl'u,, two blocks 
for eaeh mixture are :reported 1n tho Appond!.x. '.t'.he standard 
bleeks weze returned to the \Jat~~r tank sevfaral hours befot'e 
the ccrnpressive strength te!:lts verE? ecnduotod eo that the 
blocks mi ht regain mQst ot th.fl water th~y h.."ld lost. 
test was ecnducted to det~rmino the etf"eet ot or1cnta-
t1cn or tho block on thn eount1na rate.. wo air dt'1 d bl cka, 
en ot mortar arA one ot eonereto, wer~ sol~ctcd t rnndom 
end the eoi."nt1r..g r te$ were determined 1n their normal eon• 
r11urat1ona, th:rou:tth the two 1.neh thlckness~a of the block.a. 
The blocks we:ro then rotatad about the f'our 1ncb x1$ and the 
eounttnG :r te w a detormin,d !er each or the other three 
positions. Tho eountin~ rates, sho~n in the ppend1x, in-
dicate that v1th two ~~eept1ona in e~cb blcck, th~ devt~tion 
bot\/ en the ccunt!.ng r ... te$ waa leas than tho st:!'fndard dev1• 
at1on. The e::tcept1ons for ·the mortar davia tcd !'!'"om the 
vGr·a counting rate by .76; nd .989 p r cent, and tor th$ 
onc!ete, the C1f.:v1 tion was .877 nd • 670 per cent. 
Another test was conducted to det~rruine tho i-eprodue-
ib111 t~.t 01· thcr eount1ng :ra to in removinp;; and :replacin ~ the 
detector holde~. The test ~as conducted for the confi ura-
tiona ot a1'rangements 1 arA 3. The data abown in th . Ap-
per:ttla indicate that tor f'eur rune 1n each configuration the 
dC!V1a.t1cn did not e:r.eeod the standard dev1at1on. 
A plastic 2 by 2 by ti inch meld was eonstruotett, tilled 
w1th wat.:r1 and troaen, ac tbat thf:I counts on the .resulting 
ice block could bs C01npared tc the eoncr~t~ arA ~ortar 
blocks. ~he same mold was also us$d to cast a po r rtin block 
wb1cb wa• als compared. %be test results are recorded in 
>p&ruU.x. 
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VI. ULT iliO DI U i.>lO? 
• r et Content 
he n u ron count t k n tor th 7-daY a 28-d 1 t ste 
or th Kl · 1 dried bloc • ot dit ·er .ti 1 1xtu.r a 
r tabUl t .for th tbre rran cm. nta in Tabl s $. 
'lheso counts w r naly~ed. nd separ ted into iast nd $lC>W 
neut on eo ts aa bcwn in ble• and 7. l()ts r thes 
ecunts a;r d tor th concret and mortar blc»cks in ••1 
11 th:rou·h 18. 
It can b s ~ fro thostt curve5 that the t nd rd block$ 
l' et ct1ve in at nuatin slow t~d r t n utro th n 
tho 1r d ied blocks. i · was tound, on th ave ac , th t th& 
standard blocks were 21+. 5 per cent more effeet1v than th. 
air <1:1· blccka in lo~ neutron ttenu ticn, at:d 6. 4 pe 
c nt r et1ve in fat oeutt>cn ttenuticn. 
standard conor t block were found to b~ sli~htl 
. re e't ct1v 1n tten tin~ th neutrons t nth s nda d 
J'.llOrt r block • be eoner0t was, on the aver.iag • 4. 5 p 
cent re erfeat1ve in bttenuetin~ slow ne\it:ron$ and. 1. 1 p~ .. 
e nt CI etreetiv in att u t1ng ra~t neutron • 
'l:h r son th t nd rd block ~1b1t b ter n·utron 
tt nuatio prcpta"t1e than th ir dr:it-cl blocks 11 due to 
th lar 1:10unt or wa r . bsorbEtd in th st .dard bloelt ., 
s bl ~ and 7. It can also b een that the stand d 
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Table 4. 7 da1 teat data 
•• ,., - - £Jb ' .................... ~ ~· ....,. •• illii •et a • r H1 • --.u.xtur r:rangememt Counts !1n:te Count1n~ 
.... ~_........, . _mna - . ...rt.~! in_. 
aekground ?198 67 107 .:. l 
Standard 
1 180(3 ; 3)04 z. 27 
B l 175 6 ~ 3402 ± 27 c l 18021 3497 :! 27 
J) 1 1i629 ~ 34,19 .! 27 
t. l l 265 5 3546 !. 2? ,.., 
F l 18~9 ' 3609 ;! 2? G l 18 l 5 3;89 ! 27 H 1 18184 ' 3530 .. 27 l 1 lS837 5 3 60 i 27 
2 613lt ... 1120 .t 16 ' B 2 6126 5 1118 + 16 c 2 6135 5 1120 i l u 2 601~ ; 109? - l ~ 2 601+ ' 1102 :t 16 2 ?4?1 5 118'7 !. l G 2 !f 969 5 1087 !. 15 
Ii 2 6205 ' 1134 !. 16 I 2 6032 5 1099 ± 15 
A 3 921+9 5 1743 - 19 
B 3 9291 ~ 1751 ± 19 c 3 9899 169~ :i 19 
D 3 9374 ' 176 ~ !. 19 l:1 3 8956 ; l 84 :!. 19 F 3 9327 5 1758 !. 19 
Q 3 9381 ' 1?69 !. 19 li 3 9286 5 1?52 :!:. 19 I 3 93 0 5 1?65 ! 19 
ir df'ied 
4311+ ± 30 A. l 22103 ' B l 2184~ ; 42 2 !. 30 c l 21736 ; 42l+o + 30 
D 1 2232; 5 43;a r 30 
.&!. l 2192 5 4278 + )0 
F l 22731 5 l+4~9 ~ 30 
G 1 20279 ~ 39 9 .t 28 
H l 20546 5 It.002 ... 26 
I l 20829 ' 1+059 !. 29 A 2 6014 ' 1096 !. l B 2 6181 ' 1129: 16 
~nble ~. (Continued) 
M1xtu:ro Arrang&mc-ttit Counts time Counti~ _________________ , .. un. """ r1r~1. u.u" 
·• • J; . iii t ' ........ ....... - t\li"lilft!"H .... ' 
c 2 
D 2 
l:. 2 
t' 2 
G 2 
11 2 
l 2 
3 
L 3 c 3 
D 3 
3 
F 3 
tl 3 
li 3 
I 3 
• . .. 0 8 .Iii'.,.. .. ,,..,11•¥1o I 
table ,. 28 day te5t data 
Mixture rranecm.ent 
· a fdll1U I , ' J ll ilifli -y 4<Cf .· i¢ l!!T •_·41 ' 
.., 
ackground 
utam rd. 
l 
1l 1 c 1 
D l 
E l 
F 1 
1 a l 
I l 
A a 
B 2 
c 2 
.0 2 
£ 2 , 2 
G 2 
... ; I': • "'Ji 1-._, 
6042 
6!+06 
61+6? 
6t~09 es11 
61+34 
6216 
9660 
9581+ 
9861 
9939 
9936 
10101 
97'73 
9869 
9620 .. ·- ... , ..... 
11 n (_ 
Counts 
I iM!lll• "- ,, ' 
3242 
1?~8 
180t4 
182 ; 
182~7 
lrob9 
l 615 
1?946 
18195 
18253 
,869 
;85J 
6099 
6299 
$?54 
6285' 
5?70 
1101 + 16 
1174 + l 
118 ! 16 
12,5 !. 16 
1122 !. 15' 
llSO + 16 
113 :t l 
182; .1 20 
1610 + 20 
186$ +· 20 
1ea1 + 20 
1880 :t 20 
1913 ... 20 
l808 : 19 
1867 !. 20 
1817 !. 19 
i:ll• ....... If• . • ..... • •• ... • • 
!1t IMI ·:w:s I! •a ~- M'"•l \ .. ¥ 1 id ... - ..... 
~1me --~~~tl~l . ...J!i.l,l1 
60 ;1+ + l -
5 .3;16 :t 2.1 
5 3~;7 !. 27 
~ Js9z :. 21 3~ !. 27 
5 3 . !. 27 
' 3 69 :!. 27 ti 3~~; .., 2? ,, ~ 35 '~ 27 3;97 !. 27 
; 1120 .! 15 
; 1117 !. i; 
~ 1166 ..t 16 
5 1206 .!. 1$ ,. 1091!15 
5 1203 !. 16 , 1100 ± 1; 
----------------...,.,..,......~ P''l\n • ... ,. 'lllW8# 
Mixture 
I 
A 
G 
D 
E 
F 
G 
H 
I 
Air dl."1oo 
A 
c 
D 
B 
1 
G 
l 
B 
c 
D 
t 
F 
a 
I 
A 
:a 
c 
D 
E 
"I 
G 
iI 
I 
2 
2 
3 
3 
J 
3 
3 
3 
3 
~ 
1 
l 
l 
l 
l 
l 
l 
l 
l 
2 
2 
2 
2 
2 
e 
2 
2 
2 
3 
.3 
3 
~ 
3 ; 
3 
3 
Counts Time 
l1J1p. 
5 
5 
5 
5 ; 
; 
j 
5 
ioaa !. is 
l.115 !. 15 
1706 !. 19 
.7;2 + 19 
1764 ! 19 
171+5 !. l.9 
1?56 ,:. 19 
1808 .t 19 
1(55 .: 19 
1805' !. 19 
1798 : 19 
4441 !. 30 
.. 27 !. 30 
4752 !. 31 
i~526 !. 30 
4S01 • 30 
••563 ! 30 
4460 ... 30 
4417 ! 30 
1+439 ,!. jO 
1113 ::. 15 
1166 + 16 
121*8 + 16 
1133 ±: 15 i2~6 :. lo 
1235 + 16 
1215 ~ 16 
1153 ,115 
1101 ,115 
1884 ,120 
183 . .t. 19 
1937 + 20 
1893 + 20 
1842 ~ 19 
1920 .:t 20 
1907 !. 20 
1938 + 20 
1939 r 20 
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d fQ&t n utron count 
t' ··r e nt by ..11 nE:lutrcn r t neutr 
sight . . f ount1ng rtt .. counting rat 
w bsorbed { ·R~ /6- 2y 6 2) (l. 15 x R ) ---~~~~.'-'1flif#t'i[A•-•t<ifl ·-- !f_, ..... .... 11rlJi ... . ii ... Y"il:S8ill I ..... o• 11"• *Hll J ....... 
c 
I 
ir dried 
A 
B 
c 
E 
G 
ll 
I 
2384 ± 31 
2284 .1 l 
2'3?? .:. 31 
21+22 ! 31 
244 !. 31 
2422 ..... Jl 
2;02 : )'t 
239 .i 31 
25bl - 31 
3216 :: 34 
3133 - 3! . 3139 !. 3 ... 
3184 :.t. 34 
3092 .t J4 
3184 .t 3l+ 
2827 .t. 32 
2822 !. 33 
2923 ±. 33 
2005 z. 22 
2020 + 22 
1950: -2 
2035. !. 2.2 
l9lt0 + 22 
2020 ~ 22 
2037 :!: 22 
2018 - 22 
2030 .t 22 
2100 .. 2' 
208 ! 22 
21·5 !. 22 
21 ; - 22 
21 4 :. 22 
2200 + 22 
2079 :t 22 
21 ') .t 2:.? 
2091 !. 22 
...... , i A. I M "" ci 1 ' ........,,-----------·-· -?l-1¢_,_,,~-·-· .. -ill .. -· _ ... _. __ , __ ........ -qp 
nc .t b b :;c:t 11 ht... ere t r than h tand rci 
rtar blceiw, and th 1 w11l t th~retore s b• ore otr ottve 
than h ort X" 'blcc • 
•h urv ind1c t t in th 
1 l1ttl 1nerea$G 1n fitutron att nuat1on s th a,..gregate 
centent 1 inere ('fd. . ~be mall n 1 lop s o 1 ur 
t l nd 15 le du t th ir. a d w ter onten· ct th 
't r, ard 
B 
c 
E 
F 
G 
c 
E 
F 
Q 
i 
I 
2396 ::. 31 
2440 + 31 
2429 ± 31 
23£38 ,t 31 
24t+3 . Jl 
246 + jl 
243,: 31 
2557 .:!: Jl 
2482 !. .31 
19 ·o :.!:. 22 
201? !. .:;~ 
2025 .! 22 
200; .! 22 
2020 + 22 
20?8 t 22 
.. 019 .! 22 
20?0 .t 22 
20 8 !. 22 
217 ± 23 
2110 + 22 
2225 ~ 23 
2180 !. 23 
2120 + "2 
2208 ! 23 
2191 !. ~3 
2230 !. 23 
2231 !. 23 
-··--·-·---·--------..-.-----·--·~~-·-1-----·----,---·-··-?~-!·--~·----1'-1=~-~·-~-------
l ck:a t th bi·he sregnte . ontent. 
Th te tter:!.~ g ct th pe1n s e11 th plots 1s due o the 
l re ti tlcal d viatton rt ulting fro th s1ort dur -
tion <i • he co l im· ti • 
Tb tr ari d nort r block~ ar~ een o hav a larg r 
hi lding ert ti~ n as th n he ~1r dried conct t~ bl s. 
• r SQD b 1 g th or a giv~ e m nt cont nt • th l rg r 
th\ ag"ret;at.a size, ·the lowi:;:r tho \iate:r req:uiromtmts, so each 
mo_ tax· blod': will C(h.te:in mo. wat >: than the compar ble 
concrr.Jt.... 7 leek und ttenuat~ the nout:ron$ more ef'f'ecti.; ly • 
..:.1e count rate ror the 7 day test Y'UJ in all cases 10\f · r than 
the rat $ tor the twenty eight day tests in tho air dried 
blocks, This was du~ to tha lo~s of water by Gvnporation 
in tha twenty one day increment between tests. A 1 rgex-
tiercentag · of water will evaporate fo1· 1ven length or time 
1n the mortar blocks, again due to the larger surf ca r a 
of the tine ag~r6gate; consequently, the curves 
13 and l? are EH:;par ted 9 greater distance th n the cu:rves 
o!' l*'igures 12 nnd 16 t the hi h .. ag4reg .. t(t cont nts. 
It can bo shown, by ut111zat~on o the ~e oval cro s sec• 
tlon coneept• why t. ·t'tt~ was aueh a 3mall ain in tast neutron 
attenua ·ion el"fQttiveness in uaing tho standard ecncr to 
bloctts , ccmta1 ... 1in''1 high pe;l'.'oenta,;:.es of l".aydi te aggregat , 
cOJnpaJ, ,xi to tho coner te block of the mL tUl·e without tho a -
.r goto. 'oldstein (89 P• 26;) ta tes that a corollax•y cf 
t;h r n-..ov 1 cross section ccncf·pt 1s that the removal eross 
sec ti emit or materials mixed toiic;;•thor are add1 ti ve. This 
p1·otmrty was used b Pric~ or)d Horton (12, P• 262) nd by 
Bli.zaard and Miller (3, P• 22) !n calcnlat1ng th aver f $t 
neutron relaX!lt!on length,cA,., f'or different concretes. The 
length tor a typical ordinary f'Ortland concrete with denaity 
or 2. 3 gm/cm3 was omputed to b l .6 c~ by Priee, ~nd a 
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len._.th ot 11.3 cm was calculated by Blizzard for dry ordinary 
ooncrot• with density equal to 2.39 g!l!/cm3. 
· itb the valu~s for the chomicnl compos1 ticm or the 
Portland <:ement and haydito aggrGgate listed in Nlable 1 as ... 
SUt1cd correct, nn.d uith tho further assumption that the 
eomp0$1t1on of the sand used in tho blocks was 75 p r cent 
s102 nd 25 per cent K Al 13 o4 • a value tor ~ r/<2. ''as eom-
puted fer an air dried block cf mixture A in Table 8. 'his 
value, times the de.'1.a1ty or the block, will yield 
2 r = lr/e_ x ~ = .03816 x l.84 = .0702 em·1 
and J\ r • l./"i.. r • l/ .0702 = ll+.2 m • 
Table 8. Dettj:rmination of L r1C2. tor a dry eoner""te of 
mixtur 
-------------------------------------------------
H 
0 
Si 
Fe 
Ca 
... t i• .·:1 
Conc<nltrat:lon 
(wt.~) 
"tif' .. Tf)\IJlll 
i .o; 
tt2 .49 
36. 30 
4. 88 
.44 
12.88 
.19 
1·9 
Et,e 
.. ~~1.b:~· 
5.98 x 10-2 
3.72 x io·2 
3 .. 01 x l0 .. 2 
2.92 x io-2 
2 ,,14 x 10""'2 
2.43 x 10·2 
3. 33 x io-2 
2.4? x 10·2 
;z:ot 
wt.~. E r:!C?. 
... C®12La> .. 2 .. ·u· 
.627 :x io-
l . ;'SO x 10""2 
1 .092 x 10-2 
.143 x io-2 
.009 x 10-2 
. 312 x 10""2 
.. 006 x io-2 
.. :<*-2 2i io""2 
1 3.816 x io-2 
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new v lue or ~ r'e tor tho block or inixture A, att r 
bso1 .. 'bin 18 p r ~ont, bf \J(.,1ght, w. ter was co putcd on f\bl 
9 nd found to be *04758 em2/g. r rt fer the new density 0 
.2 .17 g/cml, \'Jill then be equal tot 
.oit?;B x 2.17 = .1033 c ""1 
able 9. Determ1n ti¢ l ot L' rl <2 tor th cone:rete ot ~1xtur 
A with 181' absorb 0d wat r 
Coneentra tic.n Wt. % '£ rl ~ 
-------•-• _ .. _H_I -11-·11;_1_,_,,, _____ . .., . .,,, __ ~- m.~l._...._ _ 
B 
0 
S1 
1 
r 
Ca 
·lg 
lC 
a. ;a 
49. 60 
J0.77 
4.13 
.37 
io. 90 
.16 
l . 61 
i . 5; x io·2 
i.a4 .~ io-2 
.93 x. io-2 
. 12 x 10 ... 2 
.ooa x io""2 
.26; x io-2 
.oo; x. io·2 
total t+!~ x 1g:; ---·--•-tFt_l_l 1*1-• --·-·-· -""-"*~4.-.  -J.•&-·a*""~'"-.,.,..,_. _ J•-1••1-·,.-•-•1-1n11:...,.1u•--h'-•S - ·-- • n ...._ .. .,..,. .. tf".,.. f'fj:iiiiOi ta 
lt can now I.I seen that tho r.1ax.tion l n4th ot 9. a 
¢m or leek A wtth 18 per cent absorbed water does not in• 
d1est much ro shielding etlGet1venesa than a typical 
., 
or 1nary C>X'tland concr te block with r laxat1on. 1 ngth ot 
B. Errecta ot i\bso:rbad Water 
•be neutron counts taken for the 7 and 28 d y absorbed 
wat<l r tosts or th(J ble>cl'.s ot mixture A were tabul.a.ted on 
'Xabl~a lO a.nd 12. The analysi s or the counts separated into 
th f st and slow neutron counts are shown on abl a 11 and 
13. Plots ot tbesn .cunts are made tor th~ concrete and 
ortar blocks 111 i'ignr $ 19 through 22. f;i!he slow nd fast 
n$utron count rates for the 1co and paraffin blocks wex· also 
plott-1 on the tigur~s . 
,11 or th curve$ indicate that a$ the percent•& of 
Ta bl 10. 7 da.y bsorption tf:U,tt data -Abscrbecf'Wi t .. !"' count•· .... · couni£ii'i .. :Iet' ccunti rrange ... g 
ment (pe: cent by timiJ' rat• - ''" ."1t1Bb.t,2 • I ' ' . 8 ll '"' ' ~ .ap; 3( tM , ... ,,... , ..... .....-...,,.,.. ....... .. .... ... 
l 0 22106 ~ 4207 + 30 l 7. 74 1946. 378 i 28 
l a.•i4 1~291 s 371+8 :t 28 
l ll . ?0 l 416 '1 357 ± 2.7 
l l, ,40 1804; ; 3498 !. 21 
2 0 601~ ; 1096 + 16 
2 i.zi.: 6l+9 ' 1193 ! l 2 a.~4 6~e3 5 1200 ::. l 2 11. 70 63 0 ~ ll l !. 16 2 l~.ltO 602tt 1095 .t l? 
3 0 9770 s 181+7 + 20 
3 ?.74 9510 ~ 1i9; ! 20 3 6. 44 9, 50 1 03 :t 20 
3 11. 70 9350 
... 1763 !. 19 ' 3 15. 40 9275 5 1745' 1. 19 
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19. Slow neutron counts tor ? d.a:v wat b tion test 
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iiture 20. Slow neutron counts for 28 day water absorption test 
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Figure 22 . 'ast neutron counts ror 28 
t r bsorpt1on test 
y 
7 ble ll. Slow and fa~t neutrona, ? day absorption test 
(t!IJ·-11 -••I 11 lid!....,.• ., ............ ---------------.............,~·~ 
e.44 
11.70 
15.i+o 
Slow neutron 
!lOWltitig l'Q t 
Jlll .1 34 
2593 :. )2 
2'48 ~ 32 
2415 .t 32 
2403 .1 31 
Fast nt'lutl"on 
countin rate 
2121 !. 23 
2062 !. 23 
2073 !. 22 
2025 .t 22 
2005 z 22 
L. ii $ 5 \ '1181 .l F . lllt 
baorb d 'W te:r is 1ncreaiu.~d, the neutron sh1bld11.g ettectivtz .... 
tU.??J4 is lso 1no.reas~d. eorn.p~r1son ot th r~lantion l$n£th 
tor the a1r dried blot!kt ll+.2 em1 \Jitn tbe ltlngth to:· th 
sam block with 18 per eent absorb~ wator, 9.68 cm,, woUld 
indieete that the trend fellows the re~oval cross ect1en 
theory. 
Price (12, P• 28j) stat~• that tbe. r01axet.1on lonith 
ror water fox· the t"ast nr~utx-on ~roup 1s $fQUnd 10 em.• henc•, 
block with 18 per eer.t absorboo vat~r fit:i.tl the lowGr r ... 
laxatio length or 9. 8 cm. should be a bit mor effective 
a a neutron shield than vatt(r. ~be count rates t r th le 
block shewA en the e\Uves, howeV'fJ.r, eu:c ~ueh la:rge:r than 
should be ~xp otmt. ~h1a can be «<.pla1n-1 bf th f6et that 
th<' 1ee blc:>Ck Vila el ting dur1l1 tho test. lOS.1ng 5 fS t' S ot 
weight, and, therefore, (1,cxe .s1n 1ta shielding ettect1ve• 
neGs. Alaci its waight prior to tbe teat, 211.9 grams , w. a 
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Table 12· 28 dny absorrrtion test d ,t. 
_,_w_w ..._. . ...,_.,._..r•-d l-· -111 -· ---·-·-=-• -·-•-• -! *_'"_.,,_._, 
Block nanse- b$Orbcd Counts Counting ·et ceunt1n~ 
ment water tiee rate (CPM) 
(per cent (min. } 
....... rl I 11!111 . _- . li; lllltc1 -.ir _ .... • QL.~Vel.sW · - ~· 1 J tel •••ie••••flll ...... 
1 
2 
~ 
l 
2 
' l 2 ~ 
l 
2 
~ 
l 
2 
~ 
l 
2 
' l 2 ~ 
1 
2 
e 
l 
2 
~ 
ll?lt ! 16 
1121 + 16 
i19s r i6 
1111 .:, l6 
lllt4 : 16 
1159 !. 16 
1151 !. 16 
1061 + 15' 
1105i16 
ii~a + io 
i174 E 16 
1!27 :.t 16 
1103 ! l 
1053 !. 15' 
1otta + 15 
106; ! l' 
1019 ! i; 
lOS7 :!:. i; 
1076 !. 15 
115'' !. 16 
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ble 12. (Continued) 
._..... t ; 
. rrange. rb d Counts Counting • et counting 
ent "t r time rate (CP ) 
(p r cent (ttd&h ) 
·~ . ~ " .~!bil i( ' J I it'! ilf 
l 3 0 98)9 ' 18?1 .! 20 2 3 0 9905 s 188 .:t 20 ~ 3 0 9 71 ~ 1838 ! 20 3 0 9961 1896 :t 20 
l 3 1.4) 'f 775 ' 1e;1 .t 20 2 3 4.1~ 96~8 5 18.28 !. 20 1 3 ~ 7 94 5 ; 1793 .t 19 ..... 
2 3 8.4? 91t~2 s l 787 .! 19 
~ 3 e.29 92 l ~ 1757 !. 19 3 a . 20 9t+a3 ' 1802 .!. 19 l 3 9. ·o 9251 5 17'4 !. 19 2 3 9. 2:; 9368 5 1??8 .t 19 
~ 3 9.ai 9281 ' 17§9 .±. 19 3 9.i. 938lt 5 l? 2 ± 19 l 3 18.60 9078 s 1718 + 19 
2 3 10. ; 927 5 17S8 I 19 
e 3 18.3; 9078 ; 1715 .t 19 .3 18.2, 933· ' l??O z 19 B ckgrouru.t 5'703 0 9; !. l -
ueh l$SS than that ~xpected for 2 by 2 by 1ncb block, 
wh1eh hould around 254 grams, ao a valid ccmp r1acn cati 
not be d • 
h fast MUtron relaxatlcn length tor paraffin iix waa 
computed to be approx1 tely 7 e11., 1nd1eattng thBt 1t ebould 
b a bit r ft otive s a fa t nGutron ah1 ld than th 
block W1tb 18!' v ter. The position ot the count r · line 
ro~ th par~trtn on ~1 res 21 nd 22 would tend to aub-
a tanti te tho cnle l. t1on.. 
1r the t.tcm.uation ct slow r:·eutronst however, 1gur s 
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Block r.ilm! nemr&1. .... I ..... ill --_ . rut .. mi~tam . . &r cent Co\lnt ng Block Per cent Counting 
abso~bed rat• absorbed rate 
.. • w tSlt I !ii! • . . .. .. .. 1111 - ... ' waut .... ' ' 
l 0 33 !: 34 l 0 215; .± 23 
2 0 331? .t. 34 2 0 21?5 + 23 
~ 0 3169 !. 34 ' 
0 211; i 23 
0 3JOS !. 3l). 0 2180 i 23 
l ; . 9lt 2773 !.. 31 l l . lt) 213; ! 23 
2 6.o:; 27';'0 ! 31 2 4. 1~ 2110 .:t. 23 
e 5. 90 2146 ,t 31 l s.7 2062 .t 22 6. ;1 27C1 .! 31 2 8.,47 2055 .t 22 
l 8. 73 2677 .t 31 ~ a.29 2020 !: 22 2 t .-4? ?554 ;t 31 e.ao 20?5' ! 22 
~ 8.29 2515 ± 31 1 9. 60 2·19 + 22 s . 20 251 .t 31 2 9. 2,- 2041 + 22 -l 9. 60 2620 !. 31 ~ 9.sb 2021 .. 22 2 9. 2; 2~$; .! 31 9.4 20;1 r 22 
~ 9. 87 2 ll :. 31 l 18. 60 19?5 !. 22 9. i.e 2,~~ ! 31 2 18.6; 2019 !. 22 
l 18. 60 2 2 .± Jl ~ 18. 35 1971 .t. 22 2 18. oS 23~ !. 31 ia.2; 2035 !. 22 ~ 18. 35 23 2 !., 31 18. 2J 2294 :t 31 
19 and 20 1nd1cat that the par tfin block 1• not •5 ~teetiv• 
a concr t . block cont 1tl!ng ov r 9 p r cent absorbed at~r. 
l'o det rmine 1! th nCf\ltr<;m l(!Vel dec:r aaed ~pcnential-
11 with th add1t1en of wator, th curves v r~ als plotted 
c ... s lo paper on 1 r 23. The .reaul tin curves sl ow 
t t the $lO noutron att nuat1ona m&1 be pproximated Yery 
closely by a straight line on the plct; end that the fa$t 
neutron att nuation do ·• tollo a tratght ltn plot. 'lh 
28 day ta t n utron ttenuat1on curve was o to fit th 
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following equations 
Y • 2 ;o ..Q - .oo'+9x 
where y is equal to th eou.."lt1r.g rate, and x 1$ equal to th 
r cont of absorbed w tcr. The 2 day slow neutron attenu-
tion line wos found to fit an equ ticn ot th rollo~1ng 
form: 
y = )l;'O .Q .... Ol9x 
Th. addition or 18 per een.t water was round to deer as 
tbe slow neutron oount 28. l per cent , and th fast neutron 
counts 8. 61 per cent tor th tw~nty ~1ght day t st. 
Goldstein CS, p. 99) st t"s tb t a strict 1/v det~ctor 
measures neutron density and not fltrx, and, consequently, 
in order to convert the :readings from sueh a d teetor to tlux 
they must be ult1pl1Gd by aetne approp:r1ato sp d .for the 
n utro:ns... inc the B10 ( V1 , 0( ) reaction ot the d tector 
used in t 1 t y satisfies the 1/v law, ee Glasstone and 
· lund (?, P• 5?) 9 th eount rat·s ror the t~sts o~ this 
study m~y b~ ssunw!i proportional to the neutron flux. 
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VI?. CONCtUSI01S 
The tollowlng c nclu 1ont aee juntificd concerning the 
neut~on h1eld1ng ert ct1V$nea& t the m1xtures and materials 
us d unde the conditions or this study. 
i. The~ se s t 11ttl advantag in using con-
crot s and · rt rs containing hi h el'eontages ot hay it 
ggregat . ever n ord1n9.l"f typical Portland ccncret in 
utron h1e1d1ng oft t1ven s. 
2. neut~on shi ld conaiating of standard blocks will 
b re ett cttv than on~ consiating ot 1r dr1ed blocks. 
h stand rd block r pprcn tely 2t.._ ~ p r cent re t-
r tive 1n. low neutron attenuation nd approximately 6.tr 
p r nt r ttect1~ 1n fast neutron ttenuntton than air 
dried blocks. 
3. With hayd1te ~ reQ4 t , at. ndar~'i ccmcr t is more 
of.ectiv• than standaru ortar for utrcn shi ld1ng, ~h 
coneret 111 bEt app:roxtmately 4.S per cont mor ~trecttv 
1 ah1eld1ng s ow neutrons and l.l per cent more ettec 1ve 
14 ahioldiflG t st neutrons than mortar. 
i.. .. th air dri a condition, w1tb haydite a gregate, 
ort r will more tt et1'7& neutron shield han con ... 
r t ·• 
5. s b water content or co~crete 11 increased, th 
n ut~on ttenuation w11' increase xpon nt1 lly. The ddi· 
t1on ct 18 er cent w t~r v1ll deore se th low neutron .lux 
by app,..oximately 28. l per cent rmd th'1 fa.$t r1etitron tl.ux by 
pp1·onmately 8. 61 per cent. 
• Tbe tatt neutron removal theory l$t'Uns to ;;rield 't/alid 
results wb~n us«l in predicting the clulnge in :th:!.elding et ... 
t ct1v ncsa ot a concrGt~ as the corustitu~nta of the conerete 
are cb1u1g~'d. 
7. the taot noutron removal theory w1ll also pr diet 
the cban tn shielding •tfecti venees or a ooncr·ete for 41t-
f rent a unts ct bsorbttd wat~r up to the max1:1nlr.l used in 
this $tUdft 18 p'llu:· cent by weight. 
VI %. 
lt was tound in this study th. t thca r moval aross s c-
t on th cry s v lid in pr 1et1n~ tb t st neutron tt n # 
ti n or concrete bloc s contain.in baor ed ater. 
tudy uld b und rta n to d ~~lldn it th th ~1 
n r .dieting the ttenu. tion for ·v~n 1 r er 
t r. The lower lim"t or requtr d vat r 
should also b det rm1ned tor .ho ccnttn d v 11d1t ot th 
th-cry. 
Another us ful t·dy could b¢ d of the r 
ttenu tion prop rt1 a ot hay it concr t 1.r~ ccmpar1 on wt h 
typic l or41nary P rtland eorn nt ccner1ilt. • 
at y should loo be m d ot th advant ~ s er ret•iu-
1n wati1 -or ct-)"s allizat1on. ... iu conv t1onal cen~r•t , 
compar d with th r t nt1on et . com in d w tor absorb in 
apongy s .. ucture. :Ch t ..a etat r t which he v.at i~ or 
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